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Abstract

A detailed geochemical and microbiological study of a �2 m sediment core from the inactive Alvin mounds within the TAG hydro-
thermal field was conducted to examine, for the first time, the role of prokaryotes in subsurface weathering of hydrothermal sediments.
Results show that there has been substantial post-depositional remobilisation of metal species and diagenetic overprinting of the original
high-temperature hydrothermal minerals, and aspects have involved prokaryotic processes. Prokaryotic enumeration demonstrates the
presence of a population smaller than the average for deep sea sediments, probably due to the low organic carbon content, but not inhib-
ited by (and hence adapted to) the metal rich environment. There was a small but significant increase in population size associated with
the active redox boundary in an upper metal sulphide layer (50–70 cm) around which active metal remobilisation was concentrated (Cu,
Au, Cd, Ag, U, Zn and Zn). Hence, subsurface prokaryotes were potentially obtaining energy from metal metabolism in this near surface
zone. Close association of numbers of culturable Mn and Fe reducing prokaryotes with subsurface Fe2+ and Mn2+ pore water profiles
suggested active prokaryotic metal reduction at depth in core CD102/43 (to �175 cm). In addition, a prokaryotic mechanism, which is
associated with bacterial sulphate reduction, is invoked to explain the U enrichment on pyrite surfaces and Zn and Pb remobilisation in
the upper sediment. Although prokaryotic populations are present throughout this metalliferous sediment, thermodynamic calculations
indicated that the inferred low pH of pore waters and the suboxic/anoxic conditions limits the potential energy available from Fe(II)
oxidation, which may restrict prokaryotic chemolithotrophic biomass. This suggests that intense prokaryotic Fe oxidation and weath-
ering of seafloor massive sulphide deposits may be restricted to the upper portion of the deposit that is influenced by near neutral pH and
oxic seawater unless there is significant subsurface fluid flow.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Active hydrothermal systems are thought to be ideal for
stimulation of microbial activity as there is a ready supply
of electron donors and acceptors provided by the metallif-
erous substrate, pore fluids and low temperature
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(2–100 �C) hydrothermal fluids that commonly circulate
through the periphery of the hydrothermal system and sur-
rounding sediments. In these systems reduced S com-
pounds, Fe(II), Mn(II), H2 and CH4 provide additional
electron donors, and metal oxides may also be utilised as
electron acceptors (Jannasch and Mottl, 1985; McCollom
and Shock, 1997; Vargas et al., 1998). This is in contrast
to most deep sea sediments where the main electron donor
is organic carbon, and its breakdown products from het-
erotrophic respiration, fermentation and hydrolysis of
macromolecular compounds (Jørgensen, 1983).
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Large transition metal enrichments occur in sediments
surrounding submarine hydrothermal vent systems (Metz
et al., 1988; German et al., 1993; Mills et al., 1993), with
a significant proportion of the metals being derived from
mass wasting and slumping of primary massive sulphides.
Sediments close to the vents contain a high proportion of
sulphides, and their juxtaposition with oxic seawater pro-
duces a substrate that contains sharp redox, pH and tem-
perature gradients. As the hydrothermal mineral
assemblages are thermodynamically unstable in oxic sea-
water, seafloor alteration of hydrothermal deposits occurs
(Hannington et al., 1990a,b, 1991).

Recent studies have shown that microbial processes con-
tinue to considerable depths (>800 m) in sub-seafloor sedi-
ments (Parkes et al., 2000; Schippers et al., 2005), but their
in situ metabolic activity and reaction mechanisms are poor-
ly understood (D’Hondt et al., 2002; D’Hondt et al., 2004).
Microorganisms affect the direction and rates of chemical
transformations (Singer and Stumm, 1970; Kasama and
Murakami, 2001) and lower the degree of supersaturation re-
quired for mineral precipitation (Fortin et al., 1997; Konha-
user, 1998). Consequently, they drive the observed
diagenetic reactions occurring with increasing depth in sedi-
ments (Froelich et al., 1979) and deviations from equilibrium
conditions observed in laboratory incubations (Küsel et al.,
2002) and pore fluids (Bottrell et al., 2000).

Within the hydrothermal environment subsurface mix-
ing of fluids and seawater can stimulate growth of large
microbial populations (Deming and Baross, 1993; Holden
et al., 1998; Parkes et al., 2000; Nercessian et al., 2005).
Most microbiological studies at vent sites have focused
on chemolithotrophic microorganisms that obtain energy
from reduced dissolved chemical species (Jannasch and
Mottl, 1985; Wirsen et al., 1986; McCollom and Shock,
1997). By comparison, fewer studies have examined the po-
tential of minerals, such as polymetallic sulphides and met-
al oxides, as a metabolic substrate (Wirsen et al., 1993;
Eberhard et al., 1995; Edwards et al., 2003a; Nercessian
et al., 2005). In contrast to dissolved species, hydrothermal
minerals provide an energy source for chemolithotrophic
growth that may continue to be utilised after active venting
has ceased. Subsurface microbial communities in hydro-
thermal sediments may therefore exist as a continuum of
microbial activity from high to low temperatures, through-
out the geological life time of the deposit, and drive diage-
netic alteration of hydrothermal minerals and including
formation of ore bodies (Fallick et al., 2001).

Here, we examine the relationship between subsurface
microbial populations and sediment diagenesis at the
TAG hydrothermal site to test the hypothesis that mi-
crobes play an important role in the subsurface diagenesis
of metal-rich hydrothermal sediments.

2. Geological setting: Metalliferous sediments at TAG

The TAG hydrothermal field, located at 26�N on the
slow-spreading mid-Atlantic ridge (MAR), hosts one of
the largest known sea floor massive sulphide deposits
on mid-ocean spreading axis (Humphris et al., 1995). A
wide range of active and fossil hydrothermal deposits
are found here in an area of 5 · 5 km between 2400
and 3500 m water depth, including the currently active
high-temperature TAG mound, the zone of low temper-
ature venting on the east rift valley wall and two relict
massive sulphide deposits Mir and Alvin (Thompson
et al., 1985; Rona et al., 1993). The Alvin zone comprises
a chain of relict sulphide mounds, which are undergoing
oxidation, mass wasting and burial by carbonate sedi-
mentation (Rona et al., 1993; Rona et al., 1998; White
et al., 1998). Radiometric dating suggests intermittent
hydrothermal activity over at least 75,000 years (Lalou
et al., 1995), and warm fluids (22.5 �C) have been ob-
served in the northern Alvin zone (Rona et al., 1998;
White et al., 1998). Metalliferous sediments in this area
represent different styles of venting (high temperature fo-
cused or low temperature diffuse) and modes of deposi-
tion (mass wasting or plume fall-out) (e.g., Thompson
et al., 1985; Metz et al., 1988; German et al., 1993; Mills
et al., 1993).

Hydrothermal sediments for this study were collected
at 3595 m water depth from the southern periphery of
the Alvin zone near the relict Southern Mound (core
CD102/43; Fig. 1). The mineral assemblages at this site
(see core-log in Fig. 2) closely resemble those of sedi-
ments that have previously been described for this area
and are typical for metalliferous sediments that form in
the immediate vicinity of high-temperature hydrothermal
vents (Metz et al., 1988; Mills et al., 1993). Previously
published data from core CD102/ 43, in particular rare
earth element (REE) and d18O analyses of clay minerals,
support the following stratigraphic interpretation (Sever-
mann et al., 2004): The two sulphide layers are dominat-
ed by pyrite, with minor chalcopyrite and sphalerite,
consistent with the sediments being derived from mass
wasting of a hydrothermal massive sulphide deposit
(e.g., Metz et al., 1988). Between emplacement of the
first and second sulphide layers there was a period of
pelagic sediment deposition, as evidenced by continental
87Sr/86Sr signatures in clay phases from the Fe-oxide
layer overlying the lower sulphide zone (Severmann
et al., 2004). REE distributions indicate that the entire
core has interacted with both hydrothermal fluids and
seawater to varying extents, with the oxide layers having
experienced the greatest degree of seawater interaction
(Severmann et al., 2004). Fe-oxysilicates within the oxide
layer (70–165 cm) formed dominantly by oxidation and
precipitation of dissolved Fe2+ from low-temperature flu-
ids rather than by oxidation of sulphides. d18O analyses
of authigenic minerals (largely nontronite and Fe-oxides)
from the intermediate layer suggest that these sediments
experienced temperatures of 60–85 �C (Severmann
et al., 2004), although the temperature of the sediments
was only �2 �C when the core was recovered. The pres-
ence of nontronite indicates that these circulating fluids



Fig. 1. Map of the TAG area showing active and inactive mounds and the location of core CD102/43. Stars represent chimney features, shading
represents sulphide mounds.

Fig. 2. Down core distribution of (a) Total C (CaCO3 + organic C) and Ca, (b) Al, (c) total S and, (d) Fe, (e) Si, (f) Mn and, (g) simplified core log. Shaded
areas in this and all following figures are zones of high concentrations of hydrothermal sulphide minerals.
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had low pH (which accounts for the absence of CaCO3

in the intermediate layer) and the environment was sub-
oxic (Malahoff et al., 1982; McMurtry et al., 1983). Fol-
lowing the most recent period of mass wasting, which
emplaced the upper metal sulphide layer, a return to
pelagic deposition produced the carbonate cap (Fig. 2).
The REE composition of the carbonate-rich surface sed-
iments (Severmann et al., 2004) closely resembles those
of plume-derived sediments from TAG (German et al.,
1993; Mills et al., 1993).
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3. Sampling and methods

Several 1–3 m long gravity cores were collected from the
inactive ‘Alvin’ metalliferous mound in the TAG hydro-
thermal field during RRS Charles Darwin cruise 102 in
1997 and the core studied here is CD102/43. A background
pelagic core (CD102/10) was collected in 3350 m of water
depth at 29�230N, 43�250W, outside the median valley, to
provide a low metal control site for this study. Immediately
after sampling, cores were cut into 5 cm depth sections
using only sterile (autoclaved) apparatus. During cutting,
the surfaces were continually purged with sterile nitrogen
and capped immediately to minimise atmospheric expo-
sure. Sectioning was completed within 2 h and any further
handling was completed within 12 h in a temperature con-
trolled laboratory at �4 �C in an O2-free environment.
Alternate depth sections were transferred into a sterile
glove bag for microbiological handling and the remaining
sections were handled in separate glove bags for geochem-
ical processing. It was not possible to maintain in situ pres-
sure during microbiological processing, but as all depth
sections were treated the same, results can still be directly
compared. In addition, results from similarly decom-
pressed but even deeper samples have consistently correlat-
ed with related geochemical profiles which indicates that
results obtained from depressurised samples are environ-
mentally relevant (Parkes et al., 2000).

Pore fluids were extracted by centrifugation and filtra-
tion through 0.2 lm filters. Small aliquots of pore water
were used for on-board nutrient analysis, including dis-
solved inorganic silicate and hydrogen-sulphide (colouri-
metrically, detection limit �1 lM; Cline, 1969; Koroleff,
1983). Additional aliquots were frozen and stored for sub-
sequent sulphate analysis by ion exchange chromatogra-
phy. The precision for sulphate analysis is typically better
than ±1% (2r). The remaining pore water was acidified
to pH <2 using ultrapure 6 M HCl. Dissolved Fe, Mn,
Cu and Cd concentrations were measured on a graphite
furnace atomic adsorption spectrometer (using a Pt matrix
modifier for Fe and Mn; Sachsenberg et al., 1993). Transi-
tion metals were pre-concentrated and purified using a
modified version of the micro-extraction technique of Rive-
ra-Duarte and Flegal (1996). Repeat analysis showed that
the intra-batch precision was better than ±10% (2r). U
concentrations in the pore fluids were determined by
ICP-MS, with an external precision better than ±6% (2r).

Sediments for geochemical analysis were stored under
N2 and refrigerated. Bulk mineralogy was determined by
X-ray diffraction on an automated powder diffractometer
using Co-Ka radiation. Dry powder mounts were scanned
between 0� and 60� at 1.2� 2h/min. Si, Al, Fe, Mn, Ca, Cu
and Zn sediment concentrations were determined by XRF
spectrometry. External precision was ±5–10% for Mn, Cu
and Zn (2r). Accuracy was better than 3% for all elements
except Cu and Zn, which were better than 6% (2r). Au, Ag,
Cd, Pb and U were measured by ICP-MS. Accuracy of the
analyses was monitored by analysis of standard reference
materials (BEN: basalt standard; NOD-P1: international
manganese nodule standard, BRR: basalt standard), and
was better than ±5% (2r). Co levels were determined by
ICP-AES. Analytical precision was ±5% (2r). Total car-
bon, organic carbon and total sulphur were analysed with
an elemental analyser calibrated with calcite (C) and acet-
anilide (S). For organic carbon analyses CaCO3 was re-
moved by acidification with HCl (Nieuwnenhuize et al.,
1994).

Samples for SEM analysis were prepared from wet sed-
iments, which were dried at 60 �C and impregnated in resin.
Thin sections of the impregnated blocks were mounted on
glass slides, polished and carbon coated, before analysis
with a JSM 6400 SEM fitted with an Energy Dispersive
Spectrometer (EDS) X-ray detector and interfaced with a
PGT IMIX image processing system. Elemental composi-
tions were obtained from X-ray single-point analyses,
where each point was scanned for relative abundances of
selected elements (Fe, S and U) for 30–60 s.

Direct bacterial abundances were quantified in triplicate
on 1 cm3 aliquots of sediment by acridine orange direct
count (AODC, Cragg and Parkes, 1993). The fraction of
dividing and divided cells (FDDC) was recorded during to-
tal cell counts and is expressed as a % thereof (Getliff et al.,
1992). FDDC reflects the number of cells that have been or
are involved in cell division and is thus a general indicator
of the population activity. Dividing cells are two cells of
identical morphology attached to each other or a large sin-
gle cell with an observable invagination; divided cells are
two cells of identical morphology in line with a gap be-
tween them.

Potential rates of bacterial growth, acetate utilisation
and SO4

2� reduction were obtained by incubation of in-
tact syringe subcores (5 cm3) that had been injected with
sterile radioactive tracer ([3H]methyl thymidine,
(1,2)[14C]sodium acetate and 35SO4

2�, respectively). Bac-
terial growth was assessed by [3H]methyl thymidine
incorporation into DNA (Cragg et al., 1992). Potential
SO4

2� reduction rates (SRR) were determined by
[35S]sulphide formation using an adapted sequential dis-
tillation procedure, which also provided concentrations
of acid volatile sulphide (AVS = H2S + FeS) (Parkes
and Buckingham, 1986). The potential total SRR was
calculated from activity measurements, pore water
SO4

2� concentration and the sediment porosity. Potential
rates of acetate utilisation were determined by the meth-
od of Wellsbury and Parkes (1995), whereby 14CO2 for-
mation is measured. Potential acetate utilisation rates
were calculated from the 14CO2 data. The bioavailable
acetate pool was determined by the method of King
(1991). Radioactivity was measured by liquid scintillation
counting (Wallac, UK).

The presence of anaerobic, acetate utilising Fe(III)- and
Mn(IV)-reducing microorganisms was determined by the
most probable number technique (MPN). This method
provides an estimate of specific prokaryotic abundance in
a sample by determining the growth of cells or metabolic
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end-products in serially descending dilutions of sample that
have been incubated in replicate vials of selective growth
media. All anaerobic (N2/CO2, 80:20) media had either
Fe(III) or Mn(IV) as the electron acceptor, acetate as an
electron donor, NaCl and MgCl2 at seawater concentra-
tions, resazurin as a redox indicator, trace elements, vita-
mins and bicarbonate buffer (Telling, 2001). The pH was
adjusted to 7.2 and incubation was in the dark at 7 �C. Po-
sitive vials were identified by the production of the relevant
dissolved reduced metal species.

Thermodynamic calculations were carried out using
Geochemist’s WorkBench software (Bethke, 1996) and
thermodynamic databases SUPCRT92 (Johnson et al.,
1992) and EQ3/6 (Wolery, 1992) with recent database up-
dates (http://chess.ensmp.fr/databases.html).
Table 1
Major and minor element chemistry for TAG metalliferous sediments

Depth
(cm)

Si
(%)

Al
(%)

Fe
(%)

Mn
(%)

Ca
(%)

Ctot

(%)
Corg

(%)
Stot

(%)
C
(

2.5 4.6 0.8 16.8 0.43 22.1 6.6 0.27 0.1 0
12.5 3.8 0.8 10.3 0.13 26.4 8.1 0.24 0.2 0
22.5 4.8 0.8 12.1 0.41 25.2 7.8 0.19 0.0 0
27.5 8.3 1.7 17.9 0.46 15.8 3.7 0.20 0.0 0
32.5 7.6 1.4 18.7 0.74 16.5 5.0 0.18 0.0 0
37.5 8.5 1.0 29.7 0.41 7.5 3.1 0.20 0.1 0
42.5 11.1 1.3 33.7 0.25 1.8 0.6 0.20 0.2 1
47.5 9.4 0.5 39.4 0.06 0.7 0.4 0.20 0.1 1
52.5 4.3 0.0 38.9 0.02 0.2 0.3 0.24 25.7 4
57.5 11.9 0.0 37.2 0.03 0.4 0.6 0.14 6.4 0
62.5 8.7 0.0 37.9 0.02 0.2 0.1 0.14 19.7 0
67.5 11.6 0.1 35.4 0.03 0.4 0.2 10.9 0
72.5 13.9 0.6 31.3 0.02 0.3 0.5 0.45 0.4 0
77.5 14.3 0.1 37.3 0.03 0.4 0.2 0.6 0
82.5 12.7 0.1 34.1 0.01 0.3 0.3 0.15 0.4 0
92.5 14.3 0.0 34.2 0.02 0.3 0.2 0.16 0.6 0

102.5 15.7 0.0 30.8 0.01 0.3 0.1 0.28 0.3 0
107.5
112.5 13.6 0.0 33.9 0.03 0.2 0.2 0.2 0
117.5
122.5 13.8 0.0 38.2 0.03 0.3 0.2 0.15 0.7 0
127.5
132.5 12.3 0.0 37.9 0.09 0.6 0.2 0.17 0.2 0
137.5 14.4 0.1 34.1 0.10. 0.7 0.3 0.14 0.3 0
142.5 16.3 0.0 32.7 0.07 0.6 0.2 0.2 0
147.5 15.2 0.0 32.9 0.10 0.6 0.2 0.1 0
152.5 15.6 0.0 32.6 0.06 0.4 0.2 0.2 0
157.5 16.5 0.3 30.1 0.07 0.3 0.3 0.21 0.1 0
162.5 10.4 0.5 37.0 0.04 0.3 0.3 0.22 0.2 0
167.5 5.7 0.0 46.2 0.05 0.5 0.4 0.29 1.8 1
172.5 2.4 0.0 44.4 0.01 0.2 0.3 0.24 20.3 4
177.5 5.0 0.0 46.6 0.05 0.3 0.4 0.24 7.2 1
182.5 4.0 0.0 46.8 0.03 0.3 0.4 10.6 2
187.5 3.7 0.0 45.6 0.01 0.2 0.3 13.7 3
192.5 3.2 0.0 44.7 0.01 0.2 0.2 21.3 4
197.5 3.2 0.0 45.2 0.01 0.2 0.4 0.27 17.9 4
202.5 2.6 0.0 45.3 0.0 0.1 0.2 27.3 3
207.5 3.6 0.0 43.2 0.01 0.1 0.2 0.15 24.2 3
212.5 5.6 0.0 42.9 0.00 0.3 0.3 1.23 11.2 3
217.5 5.4 0.0 41.2 0.2 0.2 0.3 0.25 13.9 6
222.5 4.5 0.0 44.9 0.01 0.3 0.4 6.9 4
227 4.2 0.3 44.8 0.02 0.3 0.3 11.8 2
4. Results

4.1. Mineralogy and solid phase compositions

The distribution of major and trace metals in core
CD102/43 strongly reflects the mineralogy and stratigra-
phy outlined above (Fig. 2; Table 1). The sediments contain
up to 47% Fe, 4.6% Cu, 0.8% Zn, with the highest metal
concentrations associated with the two sulphide layers.
The lower portion (165–220 cm) of the core consists pre-
dominantly of sulphide (mainly pyrite, with lesser chalco-
pyrite and sphalerite) with minor amorphous silica. This
is overlain (70–165 cm) largely by Fe-oxysilicates plus
another thin sulphide layer (50–70 cm) of similar mineralo-
gy to the lower sulphide zone, but more extensively
u
%)

Zn
(%)

Ag
(ppm)

Cd
(ppm)

Au
(ppm)

Pb
(ppm)

U
(ppm)

Co
(ppm)

.34 0.03 0.0 0.1 0.3 63 4.3 29.5

.15 0.03 0.2 0.2 0.2 39 2.8 21.3

.13 0.03 0.0 0.5 0.2 38 3.1 21.4

.13 0.05 0.8 0.8 0.0 62 4.2 31.8

.45 0.13 0.1 2.0 0.5 184 8.4 35.4

.57 0.24 0.1 1.2 0.0 86 5.1 39.2

.11 0.33 0.1 2.0 1.1 181 8.5 35.3

.53 0.74 0.3 2.8 1.6 321 9.2 14.9

.94 0.34 26.9 4.2 4.8 510 27.9 48.1

.43 0.38 19.4 2.6 0.7 278 13.6 17.0

.74 0.69 36.2 40.0 0.8 328 15.7 31.0

.35 0.72 3.9 28.8 1.1 310 12.0 20.2

.06 0.70 1.2 3.4 0.1 198 9.0 8.8

.03 0.40 3.5 0.9 0.2 140 10.2 7.4

.09 0.45 0.7 0.5 0.4 200 9.8 7.4

.09 0.35 2.8 2.2 0.2 155 9.9 7.8

.13 0.27 2.7 1.1 0.1 120 7.1 7.4
0.8 0.1 0.2 218 8.6 8.7

.14 0.18
1.0 0.2 0.4 165 8.7 10.4

.07 0.15 0.8 0.0 0.3 94 10.2 14.5
0.5 0.0 0.1 122 8.9 13.2

.06 0.06 0.0 0.0 0.1 27 11.9 13.7

.11 0.05 2.6 0.0 0.0 22 8.7 12.8

.07 0.03 0.0 0.0 0.3 6 11.7 9.8

.08 0.03 0.0 0.0 0.2 27 7.3 12.7

.08 0.03 6.2 0.0 0.2 24 6.6 14.9

.14 0.04 1.9 0.0 0.2 24 6.1 14.7

.11 0.04 0.0 0.0 0.5 95 7.7 19.4

.60 0.12 0.4 0.0 0.0 161 9.7 36.4

.58 0.21 12.7 6.7 1.9 194 16.4 144.4

.52 0.12 3.7 0.6 1.4 163 14.6 81.5

.81 0.19 6.5 2.0 1.1 124 16.3 164.6

.76 0.31 10.4 7.3 2.1 190 17.4 161.1

.22 0.24 16.6 22.7 1.4 200 16.4 250.3

.36 0.59 9.5 4.1 0.9 221 15.2 246.3

.06 0.35 11.7 12.7 1.2 217 18.0 131.5

.96 0.32 10.9 9.6 0.9 130 18.0

.55 0.14 5.4 2.1 0.7 113 15.1 295.3

.00 0.15 8.6 2.9 1.0 116 15.8 445.7

.26 0.13 4.7 1.3 1.4 155 14.2 201.5

.57 0.12 5.3 7.0 1.3 156 13.8 104.3

http://chess.ensmp.fr/databases.html
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oxidised and recrystallised. The upper 35 cm of the core
consists of carbonate ooze that contains 10.3–18.7% Fe.
Separating the carbonate cap and the upper sulphide layer
is a transition zone which has elevated Fe (29.7–39.4%) and
trace element contents. Fe concentrations are high
throughout the core (Fig. 2d), whereas Mn is concentrated
in the carbonate cap and the transition zone with a minor
secondary enrichment in the lower part of the main Fe-
oxysilicate zone (Fig. 2f).

Solid phase Cu, Au, Cd, Ag and Co peaks are mainly
confined to the sulphide layers (Figs. 6a–e; Table 1). In
contrast, elevated Zn and Pb concentrations are present
throughout the core, but are particularly enhanced in the
two sulphide layers (Figs. 6f–g; Table 1). The U depth dis-
tribution is more varied with peaks in both sulphide layers
(Fig. 6h; Table 1).

Organic carbon levels are low throughout the core (0.14–
0.45%; Table 1). The highest organic carbon contents occur
at the base of the upper sulphide layer. AVS concentrations
were low throughout the core (<1 mmol/cm3sediment).

The background core consists dominantly of carbonate
ooze, with REE compositions that are typical for North
Atlantic pelagic background sediments (Severmann et al.,
2004).

4.2. Pore water compositions

The average pore fluid SO4
2� concentration

(29.0 ± 3 mM) is within measurement error of bottom
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(32.1 mM) (Fig. 3a; Table 2). Pore fluid Ca levels are within
measurement error of seawater values throughout the
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detection limit to 2–4 lM at depth (Fig. 3c; Table 2). Pore
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Table 2).
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concentrations in the lower sulphide layer are low or below
the detection limit (Figs. 6a and c; Table 2). Dissolved U
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Dissolved metal concentrations were mostly below
detection limit in the background core CD102/10, and sul-
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Table 2
Porewater elemental composition for TAG metalliferous sediments

Sample ID Depth (cm) Mn (lM) Fe (lM) Cu (lM) Cd (lM) U (nM) SO4
2� (mM)

2 7.5 0.0 0.8 0.0 0.0 10.4 27.6
4 17.2 0.0 1.3 0.0 0.0 9.2 —
6 27.5 0.0 1.4 0.0 0.0 — 33.3

10 47.5 0.2 0.6 1.0 0.0 11.1 —
12 57.5 3.4 7.8 12.1 0.0 10.3 27.6
14 67.5 3.6 33.3 1.1 1.0 10.2 26.9
16 77.5 2.3 32.3 1.9 0.1 12.9 27.8
18 87.5 3.8 29.0 4.6 0.1 12.1 27.2
20 97.5 3.7 24.7 0.3 0.1 12.3 26.9
22 107.5 2.9 18.9 0.7 0.0 8.8 29.2
24 117.5 2.7 41.4 0.8 0.0 10.2 28.8
26 127.5 3.5 39.9 0.7 0.0 7.9 29.3
34 167.5 3.7 84.3 0.0 0.0 — 31.2
36 177.5 3.3 93.3 0.0 0.0 6.0 32.1
44 217.5 2.0 82.6 0.0 0.0 5.0 29.6

Average seawater 14 28
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4.3. Prokaryotic abundances and activities

Prokaryotic abundances are low relative to most other
deep sediment sites, including other open ocean sites
(Fig. 4a), but they are similar to numbers in the nearby
background core CD102/10. One-way analysis of variance
on microbial population data between 33 and 93 cm depth,
across the upper sulphide layer, indicated a significant dif-
ference (F = 23.1; df = 6,14; P < 0.001). An a priori com-
parison of means test between the data within the
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Fig. 4. Down core distribution of (a) total cell counts for core CD102/43 (fille
average trend for non-hydrothermal deep sea sediments (regression based on da
dividing and divided cells (FDDC) and (c) thymidine incorporation.
sulphide layer and a combination of that both above and
below the zone was also highly significant (F = 68.3;
df = 1,14; P < 0.001), with the prokaryotic populations
within the sulphide layer being approximately double those
on either side. There is, however, no significant difference in
the FDDC between the sulphide layer and the surrounding
sediment (Fig. 4b).

Many prokaryotes incorporate exogenous thymidine
into newly synthesised DNA, the production of which is
tightly coupled to cell division and hence carbon produc-
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tion and growth. Some prokaryotes, however, are not
capable of using exogenous thymidine but will synthesise
their own. These include most notably many chemolitho-
autotrophic and sulphate-reducing bacteria (Wellsbury
et al., 1993). Consequently, the thymidine incorporation
method will underestimate total prokaryotic production
and productivity estimates in core CD102/43 are minimum
values. Thymidine incorporation rates decreased from the
surface to the base of the upper sulphide layer, where no
significant growth was detected (Fig. 4c). The highest
incorporation rates (13 fmol/cm3/d) were observed in the
Fe-oxysilicate zone, and were significantly higher than
those in the background core CD102/10 (max rate
3 fmol/cm3/d). A second but cruder measure of growth
activity is the number of dividing and divided cells (Table
6.2, Fig. 4b). No decrease was observed in the surface layer
of core CD102/43, but similar to the thymidine incorpora-
tion, the FDDC was found to be highest in the intermedi-
ate layer, where it reached up to 15% (Fig. 4b). Except for
the carbonate cap, FDDC in core CD102/43 tended to be
higher than in the background core (CD102/10), particu-
larly in the transition zone, upper sulphide layer and the
upper part of the Fe-oxysilicate zone.

Acetate is an intermediate in the anaerobic degradation
of organic matter, and acetate oxidation (Fig. 5e) and pore
water acetate concentrations (Fig. 5d) have peaks in the
transition zone and lower carbonate cap, respectively,
broadly coinciding with the maximum rate of SO4

2� reduc-
tion (Fig. 5c). Significant populations of Fe and Mn reduc-
ers (Figs. 5a and b, up to ca 102/cm3) were present in the
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5. Discussion

5.1. Sediment redox conditions

Redox conditions in marine sediments are generally a
function of organic carbon decomposition (Froelich
et al., 1979), where the intensity of diagenetic remineraliza-
tion is typically correlated with the intensity of organic car-
bon respiration (e.g., Thomson et al., 1987; Shaw et al.,
1990; Thomson et al., 1998). Organic carbon contents in
the sulphidic sediments from the Alvin zone are low and
similar to levels typical for deep sea sediments (Heath
et al., 1977; Emerson, 1985), yet pore water metal concen-
trations indicate that significant mobilisation is taking
place (Figs. 3 and 6). The cause of elevated dissolved metal
concentrations in metalliferous sediments at TAG may be
reaction between hydrothermal minerals with oxygenated
seawater (possibly catalysed by microorganisms), or they
may be the result of metal-enriched, low-temperature, flu-
ids percolating through the sediment.

The bulk of the Fe-oxide and nontronite in the interme-
diate layer was precipitated from low-temperature fluids, as
evidenced by the d18O composition of these minerals (Sev-
ermann et al., 2004). The timing of the nontronite forma-
tion is not known, but given the current absence of low
temperature venting at this site, it is likely that extensive
replacement of pelagic sediments with Fe-oxysilicates
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Fig. 6. Down core distribution of (a) solid and pore fluid Cu, (b) solid phase Au, (c) solid phase and pore fluid Cd, (d) solid phase Ag, (e) solid phase Co,
(f) solid phase Zn, (g) solid phase Pb and, (h) solid and pore fluid U, dashed lines show seawater U value. Filled circles represent solid phase data, open
circles represent pore fluid data from core CD102/43.
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(70–165 cm) took place during or shortly after the last peri-
od of high-temperature activity of the Southern Mound,
when low temperature fluids would have been pervasive
in the vicinity of the vents (e.g., James and Elderfield,
1996; Schultz et al., 1996). Hence, elevated concentrations
of pore water Mn2+ and Fe2+ below depths of 47.5 and
57.5 cm, respectively, are more consistent with release of
these elements during in situ reduction and dissolution of
oxidised minerals rather than any percolation of reduced
hydrothermal fluids. The dissolved metal profiles (Figs.
3b and c) suggest that the core is suboxic/anoxic below a
depth of 50 cm. The Fe and Mn zonation follows the ther-
modynamically predicted sequence for terminal electron
acceptors, where Mn(IV) reduction precedes Fe(III) reduc-
tion as more energy is derived from the former reaction
(Froelich et al., 1979). Solid phase Fe and Mn profiles indi-
cate oxidation of upward diffusing dissolved Fe2+ and
Mn2+ and precipitation in the oxic carbonate cap (Figs.
3b and c). This is supported by the observation in XRD
scans of peaks in rhodochrosite (MnCO3) and amorphous
Fe-Mn-oxides at a depth of �30 cm within the carbonate
cap (0.74% Mn).

Surficial Mn-mineral enrichments occur widely across
the TAG area (Scott et al., 1978; Metz et al., 1988; Mills
et al., 2001), and Goulding et al. (1998) report Mn enrich-
ments of up to 15% in the upper part of sediments from the
southeastern flank of the active TAG mound. Fe/Mn-
crusts are also present in the relict Mir and Alvin zones



Fig. 7. Eh-pH diagrams illustrating Fe speciation for (a) 2 �C (pyrite and
goethite as permitted solid phases) and (b) 85 �C (pyrite, goethite and
nontronite as permitted stable phases). The activities of dissolved species
are taken from the values measured in pore fluids in the intermediate layer.
The Eh-pH diagrams were constructed using the data base of Johnson
et al. (1992).
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(Mills et al., 2001) and significant (several %) enrichments
were observed in near surface sediments of cores retrieved
adjacent to the core studied here. Hence, there is significant
heterogeneity in Mn transport and reaction across the
TAG field, and core CD102/10 Mn diagenesis and reaction
is probably diffusion controlled and therefore exhibits low-
er Mn concentrations (<1%) than other areas of the TAG
field.

The solid phase Mn content of the transition zone and
carbonate cap is similar to that in suboxic sediments from
the equatorial Atlantic (Thomson et al., 1996; Mangini
et al., 2001) but is significantly higher than that for the
background core (<0.1% Mn throughout). However, while
the highest pore water Mn2+ concentrations (3.8 lM) are
significantly higher than the control site (maximum
Mn2+ = 0.078 lM) they are much lower than values for
sub-oxic pelagic sediments (�100 lM; Klinkhammer,
1980) or low-temperature fluids upwelling through TAG
sediments (�150 lM; Mills et al., 1996). Hence, it is likely
that Mn(II) production through reductive processes is lim-
ited by the low organic carbon content of the sediment.

The elevated pore water SO4
2� values (Fig. 3a) could be

attributed to oxidation of sulphides. Sulphide oxidation
may occur aerobically within the oxic carbonate cap (see
below), but anaerobic pathways must account for the ex-
cess SO4

2� that occurs deeper in the sediment because of
the presence of dissolved Fe2+ and Mn2+. Anaerobic pyrite
oxidation can occur inorganically in organic carbon rich
sediments by concomitant reduction of MnO2 (Aller and
Rude, 1988; Schippers and Jørgensen, 2001, 2002), and
Schippers and Jørgensen (2001) suggested that such a reac-
tion pathway may also be of importance in hydrothermal
sediments. The stoichiometry of this reaction produces
7.5 mol of Mn2+ for every mole of FeS2 oxidised implying
that significant Mn2+ levels should be present if this path-
way is significant. The low pore water Mn2+ levels (2–
4 lM) are not consistent with anaerobic MnO2 oxidation
of sulphides as a significant pathway to produce the
SO4

2� excess of �4 mM observed in the lower part of the
core. Further, Schippers and Jørgensen (2002) demonstrat-
ed that amorphous Fe(III)-oxides are unlikely to be impor-
tant direct chemical oxidants for FeS2 in marine sediments.
Another mechanism for the elevated SO4

2� values within
anaerobic sediment might be dissolution of minor sulphate
(CaSO4ÆnH2O) phases present in sulphidic sediments at
TAG (Little et al., 2004).

5.2. Sediment pH conditions

pH is a key variable in many diagenetic reactions and an
accurate measure of this parameter is critical in a discus-
sion of the relative importance of microbial and inorganic
processes (see Section 5.3). Hannington et al. (1990a,b)
measured pH values in pore waters from sulphidic and
Fe-oxide cores from the active TAG mound of 3.5–5.5
and 6.8–7.3, respectively. Similarly, Bach and Edwards
(2003) used a pH of 7.75 measured in pore waters from
sediments from ODP hole 1024 in the vicinity of the ridge
flank hydrothermal system (Elderfield et al., 1999) to con-
strain the energy yield from microbially mediated diagenet-
ic reactions. However, these measurements were made on
pore waters extracted from sediments (Hannington, per-
sonnel communication, 2004; Wheat and Mottl, 2000)
and this technique frequently yields inaccurate pH data
due to the temperature and pressure dependence of the dis-
sociation constants of protonated species (Wheat and Mot-
tl, 2000; Cruse and Seewald, 2001).

Thermodynamic calculations can be used to derive pH
values in hydrothermal systems, either by assuming equilib-
rium with respect to solid phases, or from calculations of
conservative mixing between seawater and end member
hydrothermal fluids (e.g., McCollom and Shock, 1997).
We can use the dissolved and solid phase geochemistry
and mineralogy of the sediments to place limits on the
pH (�5.5) at the elevated temperatures implied by the non-
tronite data (Fig. 7b). Alternatively, a temperature range of
60–85 �C (from the in situ temperature inferred from the
nontronite data; Severmann et al., 2004) would imply a
pH of �5.8 in the intermediate layer if simple mixing of
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end member fluids with seawater is controlling ambient
conditions (McCollom and Shock, 1997). Although the
thus calculated pH may vary for different end member fluid
compositions, the fluid chemistry of the EPR 21�N OBS
vent site used by McCollom and Shock (1997) is very sim-
ilar to the chemistry of the TAG end member fluids (Ed-
mond et al., 1995).

We can also reconstruct the pH of low-temperature
hydrothermal fluids from measurements of alkalinity and
total CO2 from gas tight samples (Sansone et al., 1998),
which produce a pH of 5.5 for the 64 �C Baby Bare ridge
flank hydrothermal fluids (using the carbonate equilibria
described by Zeebe and Wolf-Gladrow (2001)).

While none of these approaches yields an unambiguous
and unique solution to reconstructing the pH value of pore
waters, we can place some constraints on pH values at dif-
ferent depths and different times within the sediment core
studied here. The presence of carbonate is restricted to
the upper portion of the core where it acts as a buffer to
keep the pH at �7.8. The pH of the fluids in the interme-
diate layer during nontronite formation was likely within
the range �5.5. The implications of this analysis are that
fluids forming the intermediate Fe oxysilicate layer are sim-
ilar in composition (pH � 5.5, anoxic, dissolved Fe2+

�100 lM) to Baby Bare ridge flank fluids that may repre-
sent a high-temperature end-member of ridge flank hydro-
thermal fluids.

The pH of the fluids in the two sulphide layers is less well
constrained. The absence of iron oxide and nontronite in
these layers implies that the pH was less than �7, and may
have been as low as �2 (Fig. 7a). The presence of low pH
fluids in the upper sulphide layer is also supported by the
presence of atacamite, which forms when cuprous chloride
complexes and Cu2+ ions are released from sulphides during
corrosion by acidic pore-fluids (Hannington, 1993).

5.3. The role of prokaryotes in sediment diagenesis

This sediment core contains a range of microbial niches
from fully oxic carbonate sediment, through a sharp redox
and pH gradient to suboxic/anoxic, low pH environments
in metal-sulphide rich sediment. The total prokaryotic pop-
ulation is similar to that of the nearby carbonate control
core CD102/10. Hence, it appears that the prokaryotes in
the metalliferous sediment are not inhibited by—and are
probably well adapted to— high metal content. In addi-
tion, the elevated populations in the upper sulphide layer,
combined with distribution of redox sensitive metals in
and around this zone, suggests that some prokaryotes are
directly involved in metal metabolism. Although the pro-
karyotic numbers are lower compared to other deep sedi-
ments, the relatively high thymidine incorporation rates
and high FDDC in core CD102/43 (Fig. 4) both suggest
they are actively growing and well adapted to their
environment.

The high pore water SO4
2� levels, low organic carbon

content and low concentration of AVS in the sediments
all suggest absence of significant bacterial SO4
2� reduction.

However, sensitive radiotracer measurements demonstrate
that limited sulphate reduction is occurring particularly
in the transition zone (Fig. 5c). The maximum SRR in
the transition zone broadly coincides with a maximum in
pore water acetate concentrations and acetate utilisation
(Figs. 5d and e). Acetate is a key intermediate in organic
matter breakdown and is an important electron donor
for SO4

2�-reducing bacteria in marine sediments (Sørensen
et al., 1981). However, the acetate utilisation rate at this
depth (50 pmol/cm3/d) is orders of magnitude lower than
the SO4

2� reduction rates (67 nmol/cm3/d), hence there is
likely to be an additional (unidentified) electron donor
driving this reaction.

Sulphate reducers are generally considered to be obli-
gate anaerobes, and hence it appears counterintuitive to
observe the highest SRR in the oxic to suboxic transition
zone (Fig. 5). However, Jørgensen and Bak (1991) have
previously reported high SRR from oxic surface sediments.
High SRR in near surface sediment may indicate anoxic
conditions at least locally (micro environments) in the tran-
sition zone (Fig. 2). The potential role of micro environ-
ments and sediment heterogeneity is further supported by
the large range in SRR measured in the triplicate syringe
subcores from this depth section.

The elevated concentrations of pore water Fe2+ deeper
in the core also indicate anaerobic conditions. SRR are
much lower here, suggesting that Fe2+ is liberated by
microbial Fe(III) reduction, which dominated over SO4

2�

reduction as the favoured terminal electron accepting pro-
cess and is consistent with the presence of substantial num-
bers of Fe(III)-reducing microorganisms (Fig. 5a). Indeed,
Fe reducing microorganisms may have a competitive
advantage of SO4

2� reducers in these sediments because
of the high abundance of poorly crystalline metal oxides,
and dissimilatory Fe reduction is favoured over SO4

2�

reduction (Lovley and Phillips, 1987).
Culturable Fe(III)-reducers were present even in the

carbonate cap and maximum MPNs were measured at
the same depth as maximum SRR, although there is little
pore water Fe2+. We suggest that microbial Fe(III)-re-
duction may be occurring in the top of the core and
the Fe2+ produced is not accumulating, but is re-oxidised
immediately. As some Fe(III)-reducing bacteria can also
reduce SO4

2� (Coleman et al., 1993) it is possible that
these organisms are also responsible for the observed sul-
phate reduction.

Fe and Mn reducing prokaryotes are both present at
depth within the core (Figs. 5a and b). In addition, except
for the top �50 cm for Fe(III)-reducers (see above), there
is coincidence of distribution of metal reducing microor-
ganisms with the corresponding reduced metal profiles,
which suggests that metal reducing microorganisms are
active in the sediment. However, despite the fact that
Fe-oxides and authigenic Fe-oxysilicates comprise >50%
of the bulk sediments in the intermediate layer, pore
water Fe2+ levels are low (maximum 93.3 lM) relative
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to those from suboxic continental margin sediments. In
continental margin sediments the mechanism of Fe-mobi-
lisation can be either bacterial Fe(III) reduction (Canfield
et al., 1993a) or reductive dissolution by hydrogen sul-
phide (Thamdrup and Canfield, 1996). Pore water Fe
concentrations can reach >200 lM in the presence of
much lower solid phase Fe abundance (Sørensen and
Jørgensen, 1987; Shaw et al., 1990; Canfield et al.,
1993b; Thamdrup et al., 1994). The low pore water
Fe2+ levels in the CD102/43 cannot be ascribed to
large-scale contemporaneous uptake of Fe(II) into the
authigenic phases present in the sediment as d18O studies
(Severmann et al., 2004) indicate that nontronite (the ma-
jor authigenic Fe-rich phase) formed at 60–85 �C,
whereas the sediment was at the ambient temperature
(2 �C) when recovered. Other authigenic Fe(II) mineral
phases, such as FeS or FeCO3, have low abundance or
are absent. Hence, the low pore water Fe(II) concentra-
tions are interpreted to arise from limited availability of
electron donor for the bacterial reduction of Fe(III) and
SO4

2� in these metalliferous sediments. Interestingly,
there is a strong correspondence between the depth pro-
file of Fe(III)-reducing microorganisms and acetate utili-
zation (Figs. 5a and e), suggesting that acetate is an
important, albeit limited, substrate for Fe(III) as it is in
other environments (Lovley and Chapelle, 1995).

In summary, although MPN results and microbial activ-
ity measurements demonstrate the presence of heterotro-
phic prokaryotes and processes, we believe that
heterotrophy is only of limited importance in these organ-
ic-poor sediments. This is in contrast to the hydrothermal
sediments of Guaymas Basin, where organic carbon con-
tents of up to 4% (Simoneit et al., 1979) stimulate SRR
in excess of 1500 nmol/cm3/d (Elsgaard et al., 1994) and in-
tense metal mobilisation (Cruse and Seewald, 2001).

5.4. Fe(II) oxidation—microbially mediated or abiotic?

Fe-oxide precipitation and nontronite formation in
hydrothermal settings have been associated with bacterial
intervention, either indirectly by microbial cell walls and
exopolymers acting as a template for nucleation and lay-
ered silicate formation (Konhauser and Urrutia, 1999;
Ueshima and Tazaki, 2001), or by direct involvement
of Fe-oxidising bacteria (Alt, 1988; Köhler et al., 1994;
Emerson and Moyer, 2002) such as Acidothiobacillus,
Acidomicrobium, Ferrimicrobium Leptospirillium, Sulfoba-

cillus and Thiobacillus (Madigan et al., 2003). Inorganic
Fe(II) oxidation is rapid at ambient bottom water condi-
tions (i.e., neutral pH, high O2 concentrations), and any
microbial oxidation of Fe(II) must therefore occur over
comparable time scales in order to be utilised for growth.
The kinetics of Fe(II) oxidation is strongly dependent on
pH and O2 and is highly nonlinear below pH 6 (Millero
et al., 1987). The half life for oxidation of Fe(II) is 2–
3 min in oxygenated Atlantic seawater, but increase to
>1 year at pH <6 and oxygen levels <1 lM (Millero
et al., 1987). Hence, the kinetic inhibition of inorganic
Fe(II) oxidation at low pH offers the opportunity for
microbial catalysis and utilisation of the energy released
during oxidation of Fe(II) species.

Fe-oxidising microorganisms are ubiquitous in hydro-
thermal environments where there are sharp redox and
oxygen gradients, together with a supply of Fe(II) in dis-
solved and particulate forms (Juniper and Tebo, 1995;
Edwards et al., 2003a). Indeed, recent studies have
shown that neutrophilic Fe-oxidising microorganisms
make an important contribution to Fe oxidation at the
Loihi seamount vent sites (Emerson and Moyer, 2002).
However, because of the competition from abiotic Fe-ox-
idation, microbial Fe-oxidation at neutral pH requires
microaerophilic conditions (Emerson and Moyer, 1997,
2002; Edwards et al., 2003b). Intensive microbial Fe-ox-
idation has also been reported from sulphide-rich ore-bo-
dies that undergo weathering on land (Nordstrom and
Southam, 1997). Oxidative dissolution of pyrite generates
net acidity, so the microorganisms that are capable of
catalysing the oxidation of Fe or S in these deposits need
to be adapted to very low pH (Norris, 1990; Hallmann
et al., 1992; Leduc and Ferroni, 1994; Schrenk et al.,
1998; Edwards et al., 1999). Based on thermodynamic
considerations, microorganisms that use ferrous Fe as
the sole energy source predominantly use oxygen as elec-
tron acceptor (Johnson, 1998). Consequently, Fe oxida-
tion in acidic environments requires high ambient
oxygen concentrations, whereas we infer low oxygen con-
centrations in the buried sulphide deposits from TAG.

As significant cell concentrations are present in the
pelagic cap of core CD102/43 (0–35 cm) they were also
likely to have been present during deposition of the
Fe-oxysilicate layer (50–165 cm) when carbonates were
replaced by Fe-oxysilicates during interaction with Fe-
rich low-temperature hydrothermal fluids. Positive
enrichments from a neighbouring core from the TAG site
demonstrated the presence of presumptive Fe-oxidising
prokaryotes in hydrothermal sediments from this area
(metal oxidising MPN’s were not conducted for
CD102/43). However, the presence of such microorgan-
isms does not prove they play a major role in Fe(II) oxi-
dation. The ability of chemolithotrophic microorganisms
to compete with abiotic oxidation is not solely a function
of reaction kinetics, but also of the free energy yield of
the reaction which is required for growth and/or cellular
maintenance (Roden et al., 2002; Sobolev and Roden,
2004).

To illustrate the effect of a key variable, pH, on prokary-
otic Fe(II) oxidation in this environment the free energy
yield for the formation of various metal oxide phases from
dissolved Fe2+ was calculated over the pH range 2–8
(encompassing the entire pH range discussed in Section
5.2) and temperature range of 2–100 �C (Fig. 8). Calcula-
tions were based on the following reactions:

Magnetite 3Fe2þ þ 0:5O2 þ 3H2O() Fe3O4 þ 6Hþ ð1Þ
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Fig. 8. Calculated free energy yield for the formation of magnetite, goethite and Fe(OH)3 from dissolved Fe2+ as a function of pH. The upper and lower
lines for each mineral phase were calculated at temperatures of 2 �C (the in situ temperature at the time the core was collected) and 100 �C (the upper limit
for formation on nontronite in the intermediate layer (Severmann et al., 2004)), respectively. The grey box labelled OS refers to the pH range observed in
sediments containing oxidised sulphides, whereas the grey box labelled CC refers to the pH in the overlying carbonate cap (Hannington et al., 1990a,b).
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Goethite Fe2þ þ 0:25O2 þ 1:5H2O() FeOOHþ 2Hþ

ð2Þ
FeðOHÞ3 Fe2þ þ 0:25O2 þ 2:5H2O() FeðOHÞ3 þ 2Hþ

ð3Þ

These calculations were carried out using the average
in situ pore water Fe2+ concentration of 30 lM in core
CD102/43 (i.e., assuming all dissolved Fe present as
Fe2+) and a dissolved O2 concentration of 1 lM.
Although we do not have measurements of dissolved
O2 levels, a value of 1 lM was chosen to allow compar-
ison with the study of Bach and Edwards (2003), who
also used this value in their calculations (see below). A
factor of three variation in dissolved Fe2+ levels would
result in a difference of 3–5 kJ/mol in the calculated
DG/e (DG normalised per electron transferred) values at
any particular pH value, whereas a variation of two or-
ders of magnitude in the dissolved O2 concentrations are
required to achieve a similar variation in DG/e. At a pH
range for sulphidic sediments of 3.8–5.5 and a tempera-
ture of 2 �C, DG/e for the formation of Fe(OH)3 ranges
from only �22.7 to �40.6 kJ/mol. The energy required
to synthesise 1 mol of ATP under conditions presumed
to prevail in an actively growing cell is 50–70 kJ, and
many anaerobic microorganisms require energy that is
equivalent to one-third of an ATP unit (i.e., �20 kJ/
mol) to exploit the free energy released in a reaction
(Schink, 1997). These low energy yields, coupled with
the low Fe2+ concentrations in the pore waters (50–
90 lM) suggest that the balance between abiotic and
microbiological control over oxidation of Fe2+ is finely
poised below the sharp redox gradient in the upper sul-
phide layer. However, the significant increase in total
prokaryotic populations in the upper sulphide layer dem-
onstrates that microorganisms obtain significant energy
from catalysing reactions in this layer (Fig. 4), but not
in the deeper sulphide layer which is remote from influ-
ence of oxic, near neutral pH seawater and where there
is no equivalent increase in total microbial numbers. It
may be that Fe(II) oxidisers are able to utilise energy
yields below �20 kJ/mol, like some other bacteria (Jack-
son and McInerney, 2002) or that pore water pH is high-
er than 3.8–5.5, but low prokaryotic cell numbers and
thymidine incorporation both point to limited prokary-
otic production, and hence suggest a dominance of abiot-
ic over biotic Fe-oxidation.

5.5. The role of prokaryotes in trace metal diagenesis

Cu, Au and Cd show sharp solid phase and pore
water peaks in the upper sulphide layer. Cu is associated
with chalcopyrite in both sulphide layers and with ataca-
mite in the upper sulphide layer and the transition zone.
Atacamite is commonly associated with alteration of
chalcopyrite at the sediment–water interface, and studies
of the active TAG mound have shown that atacamite
contains grains of native gold (Hannington et al., 1991;
Herzig et al., 1991; Tivey et al., 1995). We also identified
an association between native gold and atacamite in core
CD102/43. Hence, it is likely that the supergene enrich-
ment of Cu and Au in the upper sulphide layer is asso-
ciated with the active prokaryotic diagenesis occurring in
this layer. The coincidence of the pore water and solid
phase peaks of Cu and Cd indicates that there is ongoing
remineralisation of Cu and Cd bearing phases in the
upper sulphide layer. The sequence of metal dissolution
with increasing depth in the upper sulphide layer is
Mn fi Cu/Au fi Cd fi Fe. This sequence follows the
model of standard energy potential in suboxic sediments,
and accords with previous observations for metal enrich-
ments in organic-rich deep-sea sediments (Thomson
et al., 1998). This zonation suggests there is a gradient
in redox conditions in the upper sulphide layer that
drives the diagenesis of metals and alteration of sulphide
minerals in association with prokaryotic processes. The
lack of an equivalent process in the lower sulphide layer
is because this lower zone is not in contact with the oxic
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carbonate sediments, and thus there is no systematic re-
dox gradient.

The Zn data show evidence of diagenetic remobilisation
in the upper sulphide layer and surrounding sediment
(Fig. 6f). This is likely a result of the low pH conditions
generated by sulphide oxidation, as indicated by an in-
crease in sulphate concentrations above the upper sulphide
zone (Fig. 3). Precipitation of fine-grained secondary sphal-
erite has been linked to the activity of sulphate reducing
bacteria (Labrenz et al., 2000; Edwards et al., 2003b),
and fits with the observation that elevated SRR occur in
the transition zone immediately above the upper sulphide
layer (Fig. 5c). Hence, it is likely that Zn remobilised from
the upper sulphide layer diffuses into the overlying transi-
tion zone where reaction with sulphide produced by bacte-
rial sulphate reduction results in the precipitation of
secondary sphalerite. The Pb solid phase distribution closely
follows that of Zn (Fig. 6g), suggesting close coupling be-
tween these elements during S-cycling (dissolution, trans-
port and reaction with sulphide). Ag is enriched in both
sulphide layers, with concentrations of up to 36 ppm in
the upper sulphide layer. Ag transport has been linked to
that of Zn in the active TAG mound (Tivey et al., 1995),
but although the highest concentrations of both Zn and
Ag are observed in the upper sulphide layer, there is no
apparent redistribution of Ag into adjacent sediment layers.

Solid phase U levels are high throughout the core, with
elevated U contents in both sulphide layers (>10 ppm).
High U levels (up to 20 ppm) have also been observed in
the active TAG mound (Mills et al., 1994). U enrichments
are localised within submicron sized particles on pyrite
grains (Figs. 9a and b). The largest U enrichment is in a
discrete zone at the top of the upper sulphide layer, coinci-
dent with the maximum gradient in dissolved Mn2+ and ac-
tive redox processes. U is likely present in an amorphous
phase, rather than as a discrete U-mineral, and the sub-mi-
cron size and surface association of U is consistent with
prokaryotic mediation of the U enrichment (Mills et al.,
1994). Indeed, prokaryotic U(VI) reduction is associated
with Fe(III) reduction in experiments with natural popula-
tions of microbes (Lovley et al., 1991, 1993; Kashefi and
10 µm

a b

Fig. 9. (a) and (b) BSEI SEM images of U enrichment on the surface of a py
average atomic mass and is sensitive to large U enrichments which were confi
Lovley, 2000; Holmes et al., 2002), and here the maximum
peak in U enrichment is close to a maximum in Fe(III)-re-
ducing prokaryotes (125 cell/cm3, Figs. 5 and 6). The U
pore water data show evidence of U uptake throughout
the core (Fig. 6h), and Fe(III)-reducing prokaryotes are
also present throughout. The greatest depletion of pore
water U (relative to seawater values) is observed in the low-
er sulphide layer (�5 nM), coincident with the highest
Fe(II) levels in the pore waters and the second highest pop-
ulation of Fe(III)-reducing prokaryotes (99 cell/cm3).
Hence, we suggest that U fixation via reduction occurs con-
comitantly with microbial Fe reduction (Fig. 5a) and is
associated with pyrite surfaces (Fig. 9), where the most
effective Fe-cycling occurs in these sediments.

6. Conclusions

We conclude that there is a specialised microbial com-
munity in these hydrothermal sediments, which appears
to be resistant to the high concentrations of toxic metals.
Despite the presence of large pools of suitable reduced inor-
ganic electron donors, there is little evidence for significant
overall enhancement of microbial activity in this environ-
ment. However, microbial processes and populations are
stimulated in the buried sulphide layer (50–70 cm) and
the transition zone above. This is related to Zn, Pb, Cu,
Au, Ag, Cd, U remobilization and precipitation. Popula-
tions of Fe(III)- and Mn(IV)-reducing prokaryotes increase
at depth and correspond with increases in pore water Fe2+

and Mn2+ and continuing removal of dissolved U.
In view of the high concentration of reduced minerals in

hydrothermal sediments and in the ocean crust, in general,
their potential as important microbial habitats has been
subject to several studies. These have suggested that micro-
organisms play a major role in the weathering of seafloor
massive sulphide deposits (Wirsen et al., 1993, 1998; Eber-
hard et al., 1995; Edwards et al., 2003a) and that microbial
oxidation can support high levels of biomass production in
the ocean crust (Bach and Edwards, 2003). However, our
observations and thermodynamic calculations suggest that
the free energy available from Fe-oxidation may limit
1 µm

U-enrichment

rite grain within the upper sulphide layer. Brightness is directly related to
rmed by EDAX analysis.
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microbial activity at the low pH and low effective electron
acceptor (O2) concentrations present deep in the subsurface
of the hydrothermal sediments and in the deep ocean crust
(Hannington et al., 1990a,b; Sansone et al., 1998). Hence,
we believe that it is likely that the dominant role of pro-
karyotes may be in surface and shallow subsurface weath-
ering of seafloor massive sulphide deposits and ocean crust,
in the absence of significant subsurface fluid flow.
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